Brain edema formation during the early stages of focal cerebral ischemia is associated with an increase in both sodium content and blood-brain barrier (BBB) sodium transport. The goals of this study were to deter mine whether chloride is the principal anion that accumu lates in ischemic brain, how the rate of BBB transport of chloride compares with its rate of accumulation, and whether the stimulation seen in BBB sodium transport is also seen with other cations. Focal ischemia was pro duced by occlusion of the middle cerebral artery (MCAO) in anesthetized rats. Over the first 6 h after MCAO, the amount of brain water in the center of the ischemic cortex increased progressively at a rate of 0.15 ± 0.02 (SE) gig dry wtlh. This was accompanied by a net increase in brain sodium (48 ± 12 j.Lmol/g dry wtlh) and a loss of potassium (34 ± 7 j.Lmol/g dry wt/h). The net rate of chloride accu mulation (16 ± 1 j.Lmol/g dry wt/h) approximated the net rate of increase of cations. Three hours after MCAO, the BBB permeability to three ions e2Na, 36CI, and 86Rb) and two passive permeability tracers WH]a-aminoisobutyric
Summary: Brain edema formation during the early stages of focal cerebral ischemia is associated with an increase in both sodium content and blood-brain barrier (BBB) sodium transport. The goals of this study were to deter mine whether chloride is the principal anion that accumu lates in ischemic brain, how the rate of BBB transport of chloride compares with its rate of accumulation, and whether the stimulation seen in BBB sodium transport is also seen with other cations. Focal ischemia was pro duced by occlusion of the middle cerebral artery (MCAO) in anesthetized rats. Over the first 6 h after MCAO, the amount of brain water in the center of the ischemic cortex increased progressively at a rate of 0.15 ± 0.02 (SE) gig dry wtlh. This was accompanied by a net increase in brain sodium (48 ± 12 j.Lmol/g dry wtlh) and a loss of potassium (34 ± 7 j.Lmol/g dry wt/h). The net rate of chloride accu mulation (16 ± 1 j.Lmol/g dry wt/h) approximated the net rate of increase of cations. Three hours after MCAO, the BBB permeability to three ions e2Na, 36CI, and 86Rb) and two passive permeability tracers WH]a-aminoisobutyric Numerous studies have emphasized the impor tance of cations in the development of brain edema during focal ischemia (Ito et aI., 1979; Schuier and Hossmann, 1980; Gotoh et aI., 1985; Young et aI., 1987; Betz et aI., 1989; Menzies et aI., 1993) . For example, during the first 3-6 h of ischemia, water accumulation results from a net increase in brain sodium despite a significant loss of brain potassium (Gotoh et aI., 1985; Young et aI., 1987; Betz et aI., 1989; Menzies et aI., 1993) . The rate at which so-acid eH]AIB) and e4C]urea} was determined. Permeabil ity to either passive tracer was not increased, indicating that the BBB was intact. The rate of 36CI influx was 3 times greater and the rate of 22Na influx 1.8 times greater than their respective net rates of accumulation in isch emic brain. The BBB permeability to 22Na relative to that of eRJAIB was significantly increased in the ischemic cortex, the relative permeability to 86Rb was significantly decreased, and the relative permeability to 36CI was un changed. These results indicate that the stimulation in BBB sodium transport is specific for sodium. Further, chloride accumulates with sodium in brain during the early stages of ischemia; however, its rate of accumula tion is low compared with its rate of transport from blood to brain. Therefore, inhibition of BBB sodium transport is more likely to reduce edema formation than is inhibition of BBB chloride transport. Key Words: Brain edema Electrolyte transport-Middle cerebral artery occlu sion-Permeability-surface area product. dium accumulates in brain is similar in magnitUde to the rate of transport of sodium from blood to brain across the blood-brain barrier (BBB) (Betz et aI., 1989) . Furthermore, the permeability of the BBB to sodium increases well before the passive permeabil ity of the BBB increases during ischemia (Betz and Coester, 1990; Ennis et aI., 1990; Schielke et aI., 1991; Dickinson and Betz, 1992) . It has been hy pothesized that this increase may result from a stim ulation of Na,K-ATPase in the brain capillary either through free radical-mediated capillary injury (Go toh et aI., 1985) or through the elevated extracellu lar potassium concentration in brain (Schielke et aI., 1991) .
These results have led us to speculate that it may be possible to reduce edema formation early in isch emia by controlling the rate of ion transport across the BBB (Betz et aI., 1989; Dickinson and Betz, 1992; Menzies et aI., 1993) . However, many ques tions remain concerning the mechanisms that are responsible for BBB ion transport and how they are altered by ischemia. For example, there is little known concerning which anion(s) accumulates in brain along with the cations, although chloride and lactate are likely candidates (Gilboe et aI. , 1976; Bremer et aI., 1978; Schuier and Hossmann, 1980; Warner et aI., 1987) .
The present studies were designed to address the following questions: What is the relationship be tween chloride accumulation and brain edema for mation? How does the rate of chloride accumula tion compare with its rate of transport from blood to brain? Is the increase in BBB sodium transport that is seen during early ischemia specific for sodium or is it a nonspecific effect on BBB permeability to cations? The overall goal is to determine whether control of BBB permeability to ions offers a poten tial therapeutic approach to limiting ischemic brain edema formation. Our experiments focused on the first 6 h of ischemia, a time interval during which the BBB remains intact in the rat middle cerebral artery occlusion (MCAO) model of focal ischemia (Menzies et aI., 1993) .
MATERIALS AND METHODS

MeAO and brain sampling
Male Sprague-Dawley rats were anesthetized with ke tamine (50 mg/kg) and xylazine (10 mg/kg) given intraper itoneally. Focal cerebral ischemia was produced by right MCAO according to a modification of the method devel oped by Bederson et ai. (1986) as described previously (Martz et aI., 1990; Dickinson and Betz, 1992) . For stud ies that were conducted 2 h or later after MCAO, the animals were allowed to recover from the initial anesthe sia and then were reanesthetized. At all times while anes thetized, the core body temperature was monitored and maintained at 36.5-37SC with a rectal thermometer and servo-controlled heating pad.
Approximately 30 min before the end of each experi ment, catheters were placed in one or both femoral arter ies. These were used to monitor arterial blood pressure and to obtain blood for analysis of blood gases, pH, os molality, and glucose, ion, and radioisotope concentrations.
Animals were killed by decapitation. The brains were removed immediately and the right and left cortical man tles were dissected free of the underlying structures. The ischemic and nonischemic (i.e., right and left, respec tively) cortices were flattened on a piece of Parafilm and a 7-mm-diameter cork borer was used to punch a tissue sample from the center of the middle cerebral artery dis tribution as shown in Fig. 1 . Our previous studies have shown that the cerebral blood flow is reduced in the isch emic cortex to -20% of normal in this sample (Martz et aI., 1990; Dickinson and Betz, 1992) . Validation of the use of the contralateral tissue as control has been presented previously (Menzies et aI., 1993) . 
Measurement of brain water and ion concentrations
Separate groups of animals were used to measure changes in the brain concentration of cations and chlo ride, and since brain water was measured in both groups, overlapping time intervals were chosen to give a complete time course for edema formation. Thus, brain water and chloride concentration were measured in groups of five to six rats at 0, 1,3, and 6 h after MCAO while brain water, sodium, and potassium concentrations were measured in groups of six to eight rats at 2, 4, and 6 h after MCAO. Animals killed at time 0 were killed immediately after the MCAO.
Brain samples were placed in preweighed crucibles, re weighed, dried for 48 h at 100°C, and weighed once again. The percent water was calculated as 100 times the differ ence between the wet and dry weights divided by the wet weight. The quantity of water per gram dry weight (ml/g dry wt) was calculated as the difference between the wet and dry weights divided by the dry weight. The total dry weight of each cerebral hemisphere was also calculated to determine whether there was a catabolic loss of brain substance during the course of the experiment. The total dry weights of the ischemic and nonischemic hemispheres were within 3% of each other and did not differ signifi cantly at any time point. This indicates that there was not a measurable loss of brain substance over the 6-h interval.
For measurement of brain sodium and potassium con centrations, the dried samples were ashed by heating overnight at 400°C. The ash was then extracted with dis tilled water and the sodium and potassium concentrations were determined using a flame photometer (Instrument Laboratory 943) with cesium as an internal standard, The sodium and potassium concentrations of plasma were measured directly without extraction.
For measurement of brain chloride concentration, the dried samples were extracted with 1 N nitric acid for 4 days and the chloride concentration was determined us ing a chloridometer (Haake-Buchler Instruments). The chloride concentration of plasma was measured directly without extraction.
Measurement of BBB permeability
BBB permeability to 22Na, 86Rb, 36Cl, [3H]u aminoisobutyric acid (eH]AIB), and [14C]urea was mea-sured using the graphical analysis method of Patlak et al. (1983) as described previously (Ennis et aI., 1990) . 86Rb was used as a tracer for potassium permeability because it has a longer half-life than 42K, yet appears to have similar BBB permeability characteristics (Lin, 1985; Cserr et aL, 1987) . [3H]AIB and [14C]urea served as markers of the passive permeability of the BBB since they are thought to enter brain by simple diffusion (Blas berg et al., 1983; Takasato et ai., 1984) .
Most of the animals received an intraperitoneal injec tion of a radioisotope mixture containing 50 f-LCi of one of the radiolabeled ions and 50 f-LCi of [3H]AIB. A separate group of 18 received 30 f-LCi of [14C]urea only. Approxi mately 0.1 ml of arterial blood was sampled at 0.5, 1,2, 3, 4, and 5 min after isotope injection and then every 2.5 min for the duration of the experiment. These samples were immediately centrifuged and an aliquot of plasma was collected. Animals were killed by decapitation at 2.5-min intervals from 5 to 25 min after administration of the ra dioisotopes and the ischemic and nonischemic cortical mantles were sampled as shown in Fig. 1 . Brain and blood samples were solubilized in 1.0 M methylbenzethonium hydroxide and radioactivity was measured using a two channel liquid scintillation counter (Beckman LS3801).
The integral part of the radioisotope concentration in the plasma (fCp dt) was calculated by trapezoidal analy sis. With use of the isotope concentrations in the brain (Cb) and plasma [Cp(n] at the end of the experiment, Cb/Cp(n was calculated and plotted versus fCpdt/Cp(n as shown in Fig. 2 
Measurement of blood-brain barrier permeability to urea. Following the intraperitoneal injection of [14C]urea, ar terial samples were taken at regular intervals to determine the integral of the isotope concentration in plasma over time (fCpdt) . At various times (7), animals were killed and the final plasma [Cp (7)] and brain (Cb) concentrations of the isotope were determined. The slope of this plot represents the uni directional influx rate constant for urea. Each pair of points from ischemic (e) and non ischemic (0) cortex represents data from one animal.
Accurate determination of influx rate constants by this method requires that there be no transfer of isotope be tween the sampled tissue and the CSF and/or adjacent tissue. The possibility of intertissue transfer of isotope was minimized by keeping the experimental time to <25 min so that the final isotope concentration was <15% of its equilibrium value. In addition, plots of Cb/Cp(T) vs. fCpdtlCp(n were found to be linear over the entire time course of the experiment, indicating that a secondary en try process did not occur.
Since the Kj values measured in this study were <5% of the rate of blood flow that we reported previously (Martz et ai., 1990; Dickinson and Betz, 1992) , the Kj values are essentially identical to permeability-surface area (PS) products (Fenstermacher et aI., 1981) . The PS product is influenced not only by the BBB permeability (P) of a substance but also by the amount of vascular surface (S) to which it is exposed. During ischemia, either P or S could change. Two different tracers that are injected si multaneously, however, should be exposed to the same S, and therefore the ratio of their PS products is equiva lent to the ratio of their permeabilities. Therefore, we injected each radiolabeled ion together with a passive per meability tracer, [3H]AIB. The ratio of ion to AlB PS products was calculated for individual animals and then averaged for the group. The individual PS products were calculated using the y-intercept determined from the graphical analysis as a measure of the initial volume of distribution of the isotope in the brain (Vj) and the fol lowing equation:
Statistical analysis of data
Data are reported as means ± SD except for values that were derived from linear regression analyses where stan dard error is the calculated measure of dispersion. The P S products of ischemic and nonischemic cortex for each ion were compared using analysis of covariance [Cb/Cp(n vs. fCpdtICp(n] with the Newmann-Keuls procedure for de tecting differences within data sets. The linear relation ship between Cb/Cp(n and fCpdtlCp(n was verified by regression analysis. Comparison of the ion to AlB PS product ratios between the ischemic and nonischemic cortices of the same animals was performed using a Stu dent t test for paired samples. Two-tailed tests of signif icance were used except where indicated.
Materials
Pathogen-free Sprague-Dawley rats were obtained from Charles River (Portage, MI, U.S.A.). All radioiso topes were purchased from DuPont-NEN (Boston, MA, U.S.A.).
RESULTS
Blood gases and other physiological parameters were measured during the last half hour in all ani mals. In addition, plasma osmolality and sodium, potassium, and glucose concentrations were mea sured in most animals and the plasma chloride con centration was measured in animals used to study brain chloride concentration or BBB permeability to chloride. The average values for these measure ments are shown in Table 1 . Most are within the normal physiological range; however, the P02 is lower than normal while the blood glucose concen tration is higher than normal. The low P02 is prob ably the result of a slight respiratory depression caused by two periods of anesthesia during a short interval of time. There is no reason to expect that the P02 was low during the time when the animals were awake.
Edema fo rmation and brain ion concentration changes Brain water increased linearly during the first 6 h after MCAO (Fig. 3A ; Table 2 ). There was an im mediate increase in the amount of water in the isch emic cortex, which most likely resulted from local tissue injury caused by the surgery required to oc clude the MCA. The rate of increase in water during the subsequent 6 h was 0.15 ± 0.02 (SE) ml/g dry wt/h.
The change in brain water was paralleled by a linear increase in sodium and chloride concentra tions and a decrease in potassium concentration ( Fig. 3B ; Table 2 ). The rate of increase in the so dium concentration was 48 ± 12 (SE) f,Lmol/g dry wt/h while the potassium concentration decreased at a rate of 34 ± 7 (SE) f,Lmol/g dry wt/h. The dif ference between these values is the rate of net gain in brain cations (14 f,Lmol/g dry wt/h), which was approximately equal to the rate of increase in brain chloride concentration [16 ± 1 (SE) f,Lmol/g dry wt/ h]. This indicates that chloride is the primary anion that accumulates with sodium during the develop ment of ischemic edema.
The calculated chloride concentration in the edema fluid was approximately the same as that of plasma (Table 1) because the chloride change di vided by the water change yielded a value of 106 Values are averages ± SD for the number of animals shown (n). There were a total of 110 animals in the study, but some measurements were not made on all animals. Samples were ob tained during the last half hour of each study. Vol, 14, No.1, 1994 f,Lmol/mi. The sodium concentration of the edema fluid was less than the plasma sodium concentration (93 f,Lmol/ml). Recognizing the large error present in this type of calculation involving division of two numbers that themselves are the differences of two numbers, we conclude that while some of the water accumulation may result from other osmoles, most of the edema is due to sodium and chloride entering the brain from the blood.
This analysis is based upon values from a sample obtained in the core of the infarct. It is possible that some of the changes in ions resulted from exchange with adjacent, less ischemic tissue rather than from exchange with the blood. Therefore, we measured the rate of ion concentration changes for the entire cerebral cortex as well (data not shown). Although lower in magnitude because of the inclusion of nonedematous brain, the relative values are similar in their relationship to each other (rate of change of sodium = 13 ± 3, potassium = -8 ± 2, and chlo ride = 4 ± 1 f,Lmol/g/min ± SE).
BBB permeability
To relate the changes in brain ions described to alterations in BBB ion transport, we measured BBB permeabilities at 3 h after MCAO, the midpoint of the interval over which total ion concentration changes were measured. Previous studies have shown that the integrity of the BBB is normal 3-4 h after MCAO (Betz and Coester, 1990; Martz et aI., 1990; Schielke et aI., 1991) but increases progres sively following 6 h of ischemia (Menzies et aI., 1993) . For the present study, we used two different tracers that cross the BBB by simple diffusion, AIB and urea, to assess BBB integrity. The influx rate constant for tracers with low permeability such as those used in this study can be expressed as a PS product, indicating that changes in either microvas cular permeability or perfused capillary surface area could affect the rate of flux from blood to brain. The P S products for both AIB and urea were �20% lower in ischemic cortex than nonischemic cortex, although these differences were not quite significant (Table 3) . Like the passive permeability markers, the PS product for chloride was reduced 23% in ischemic brain (Table 3 ). In contrast, the PS product for rubidium was significantly reduced and to a greater extent (40%) while the BBB permeabil ity to sodium was slightly increased.
Ischemia could cause reduced BBB permeability to passive tracers like AIB and urea by reducing capillary perfusion as described previously (Buch weitz-Milton and Weiss, 1988; Ennis et aI., 1990; Gjedde et aI., 1990) . Alternatively, as brain edema accumulates, capillary density decreases and this ischemia. A: Brain water (e) was measured in groups of 5-13 animals from 0 to 6 h after middle cerebral artery occlusion (MeAO). r2 = 0.614. B: Brain sodium (0) and potassium (0) concentrations were determined at 2, 4, and 6 h while brain chloride concentration (6) was measured at 0, 1, 3, and 6 h. Data are means ± SO. r2 = 0.448, 0.535, and 0.878 for sodium, potassium, and chloride vs. time, respectively.
would reduce the P S product when it is expressed on the basis of wet weight. Therefore, the PS prod ucts were converted from units of wet weight to dry weight using the wet-to-dry weight ratios measured in ischemic and nonischemic cortex at 3 h (5.14 ± 0.06 and 4.55 ± 0.04 g wet/g dry, respectively). As shown in Table 3 , the PS products for AIB, urea, rubidium, and chloride in the ischemic cortex were closer to their values in the nonischemic cortex when expressed on a dry weight basis, while the PS product for sodium was increased in the ischemic compared with the nonischemic cortex. This differ ence in sodium permeability was significant (p < 0.05) using a one-tailed, but not a two-tailed, test of significance.
Since BBB permeabilities to an ionic tracer and a passive permeability tracer (AIB) were measured simultaneously in each animal, the specific perme abilities of the ion relative to AIB (PionlP AlB) could be determined. This allows a more precise analysis of changes in ion permeabilities relative to passive permeability than can be achieved by dividing the group average PS products shown in Table 3 be cause the latter approach propagates the effect of animal-to-animal variability. As shown in Fig. 4 , this analysis indicates that, in ischemic brain, the relative BBB permeability to sodium was signifi cantly increased, the permeability to rubidium was significantly decreased, and the permeability to chloride was unchanged.
DISCUSSION
The brain edema that forms during cerebral isch emia is characterized by both cytotoxic and vaso genic phases since early on edema forms in the presence of normal BBB permeability, while later BBB permeability increases. During both phases, Values are means ± SE as determined by linear regression of brain uptake vs. integrated arterial isotope concentration. AlB, u-aminoisobutyric acid. a p < 0.05 by one-tailed analysis of covariance that ischemic cortex differs from nonischemic cortex. b p < 0.02 by two-tailed analysis of covariance that ischemic cortex differs from nonischemic cortex.
however, the osmotic forces that are generated by the major brain cations, sodium and potassium, ap pear to be responsible for the net increase in water (Gotoh et aI., 1985; Young et aI., 1987; Betz et aI., 1989; Menzies et aI., 1993) . Changes in the total amount of sodium or potas sium in brain can occur only by exchange of these ions between blood and brain or CSF and brain. Given the large changes in brain ion concentration that occur during ischemia and the small volume of CSF, it appears likely that net changes in brain cat ions occur by exchange between blood and brain. After the barrier has broken down, these exchanges occur by simple diffusion. However, much of the edema forms during the early stages of ischemia before the BBB opens (Hatashita and Hoff, 1990; Menzies et aI., 1993) . In this early phase, ions ap parently move in and out of the brain through the action of specific ion transporters and channels that are present in the brain capillary endothelial cells (Betz, 1986; Schielke and Betz, 1992) . Thus, under standing the mechanisms by which ions move in and out of brain could lead to methods for reducing brain edema formation based on control of ion fluxes across the BBB.
The development of ischemic brain edema is ac companied by an increase in brain sodium concen tration and a decrease in brain potassium concen tration (Ito et aI., 1979; Schuier and Hossmann, 1980; Gotoh et aI., 1985; Young et aI., 1987; Betz et aI., 1989; Menzies et aI., 1993) . Since the increase in brain sodium exceeds the loss in brain potassium, there is a net increase in brain cations, and this accounts for water uptake. Consequently, edema formation may be reduced either by removing water (e.g., using osmotherapy) or by preventing the in crease in brain cations. Theoretical approaches to preventing the increase in brain cations include de creasing sodium influx, increasing potassium efflux, and reducing the accumulation of the principal an ion that must accompany the net increase in brain cations.
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Sodium uptake
In some models of partial ischemia, the rate of blood-to-brain sodium transport is equal to the rate of sodium accumulation in the tissue, suggesting that BBB permeability to sodium limits the rate at which edema forms (Betz et aI., 1989) . In the present study, the PS product for sodium in the ischemic brain was 1.8 times the rate of sodium accumulation. However, we have recently shown that there is spread of edema fluid in this model from the center of the ischemic zone to surround ing, less ischemic tissue. Based upon previous stud ies (Betz and Coester, 1990; Martz et aI., 1990; Menzies et aI., 1993) , we estimate that 50% of the total edema that forms in the ischemic cortex is located outside of the center of the ischemic zone. Thus, some of the sodium that enters the brain in the ischemic core may not accumulate there, but rather in the adjacent tissue, which was not sampled The specific permeability of sodium, rubidium, and chloride relative to u-aminoisobutyric acid (AlB). Radiola beled ions and AlB were injected simultaneously and the ra tio of the ion's PS product to that of AlB was calculated for each animal and averaged for the group. These ratios for the ischemic and nonischemic cortices were compared using Student's t test for paired samples. Data are means ± SO. 'p < 0.005, "p < 0.001 compared with non ischemic cortex.
in the present study. Reducing the BBB permeabil ity to sodium, therefore, might be an effective ap proach to reducing edema formation. Surprisingly, the rate of sodium flux from blood to brain is accelerated in ischemia relative to pas sive perm e ability tracers as shown in the present study ( Fig. 4) and previously (Betz and Coester, 1990; Ennis et aI., 1990; Schielke et aI., 1991; Dick inson and Betz, 1992) . Since brain capillary Na,K ATPase is likely to provide the driving force for blood-to-brain sodium transport (Betz, 1986; Schielke and Betz, 1992) and since the activity of this transporter can be increased by a rise in the extracellular potassium concentration , we have speculated that the elevated po tassium concentration in the interstitial fluid of brain during ischemia stimulates blood-to-brain so dium transport by enhancing brain capillary Na,K ATPase activity (Schielke et aI., 1991) . Gotoh et ai. (1985) proposed that accelerated BBB sodium transport resulted from the effect of free radicals on brain capillary Na,K-ATPase; however, we have observed that free radicals actually inhibit the so dium pump (Lo and Betz, 1986 ). An alternative hy pothesis is that the ischemia-induced negative shift in the DC potential between blood and brain (Hansen and Zeuthen, 1981) leads to an increased rate of diffusion of positive charges into the brain. Our present results suggest that the latter explana tion is not likely since the rate of influx of another positively charged ion, 86 Rb, was decreased while the rate of influx of a negatively charged ion, 36 Cl, was unchanged. Thus, the potential difference across the BBB does not appear to have a great influence on ionic permeabilities, at least while the BBB is intact.
Transporters and channels that are believed to be involved in BBB sodium transport include the Na,K-ATPase, an Na-Cl co-transporter, a nonse lective cation channel, andlor an Na/H exchanger (Betz, 1986; Murphy and Johanson, 1989; Vigne et aI., 1989; Schielke and Betz, 1992) . Since blockers of each system are available, one or more of these might represent a useful approach to the manage ment of ischemic brain edema. For example, furo semide, an inhibitor of Na-Cl co-transport, reduces brain edema following experimental closed head in jury (Tornheim et aI., 1979) .
Potassium efflux
While sodium accumulates in the brain during ischemia, potassium is lost from the brain. This serves to limit the overall accumulation of cations and lessens the obligate uptake of water. An in crease in the loss of potassium without a concurrent increase in sodium accumulation would lessen edema formation. However, when the BBB is in tact, the efflux of potassium from the brain appears to be closely linked to the uptake of sodium via Na,K-ATPase since the ratio of sodium gained to potassium lost is usually close to 1.5 (Gotoh et aI., 1985; Lo et aI., 1987; Betz et aI., 1989; Menzies et aI., 1993) , the ratio of sodium to potassium ions exchanged by Na,K-ATPase. This ratio in the present study was 1.4 for the core and 1.6 for the whole cerebral hemisphere. While inhibition of cap illary Na,K-ATPase would not be expected to en hance potassium efflux, it could reduce edema by reducing the net influx of cations.
Young et ai. (1987) hypothesized that edema for mation was caused in part by limited availability of potassium for exchange with sodium due to rapid glial uptake of potassium and redistribution within the brain. While glial sequestration of potassium may occur, widespread redistribution appears un likely since potassium is lost from all regions of the ischemic brain (Menzies et aI., 1993) and the rela tive values for rates of sodium and chloride influx and potassium efflux found in this study were sim ilar for the core and the entire cerebral cortex.
Reducing potassium influx would also promote potassium loss since the net loss is the difference between the rates of influx and efflux. Our present study using 86 Rb as a tracer for potassium perme ability indicates that potassium uptake from blood is reduced during ischemia. Little is known about the pathways that mediate potassium influx across the BBB, although an Na-K-2Cl transporter or one of several K channels could be involved (Lin, 1985; Vigne et aI., 1989; Hoyer et aI., 1991; Popp and G6gelein, 1992; Popp et aI., 1992) . Further inhibi tion of potassium uptake, if possible, might lessen edema formation.
Chloride uptake
While numerous studies have reported changes in brain cations during ischemia, there is little infor mation concerning the anion that must accompany the cation accumulation. Warner et ai. (1987) con cluded that chloride was the primary anion that ac cumulated during reperfusion following ischemia.
Our results indicate that chloride is also the princi pal anion that accompanies the net increase in cat ions during continuous ischemia since the rate of chloride accumulation was approximately the same as the rate of cation accumulation. However, the rate of chloride influx across the BBB calculated from its PS product (Table 3) , its plasma concen tration (Table 1) , and conversion from wet weight to dry weight (5.14 g wet wtlg dry wt) is 46 /J-mollg dry wt/h, a value that is almost three times greater than the rate of chloride accumulation in the tissue (16 ILmol/g dry wt/h), and therefore inhibition of brain chloride uptake is unlikely to have a major impact on ischemic brain edema formation.
Summary
This study demonstrates that chloride is the prin cipal anion that accompanies the accumulation of sodium in ischemic brain, but its rate of accumula tion in brain is much less than its rate of movement into brain, and therefore inhibition of chloride up take would have little effect on brain edema forma tion. There is a specific acceleration of blood-to brain sodium transport during ischemia that is not seen with another positively charged ion, 86 Rb. This is consistent with stimulation of brain capillary Na,K-ATPase activity in response to the elevated extracellular potassium concentration. Inhibition of potassium influx across the BBB would probably be more successful in lessening edema formation than accelerating potassium efflux. However, inhibition of blood-to-brain sodium transport is likely to be a more effective approach to reducing brain edema formation during the early stages of cerebral isch emia.
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